Abstract Linking tephras back to their source centre(s) in volcanic fields is crucial not only to reconstruct the eruptive history of the volcanic field but also to understand tephra dispersal patterns and thus the potential hazards posed by a future eruption. Here we present a multidisciplinary approach to correlate distal basaltic tephra deposits from the Auckland Volcanic Field (AVF) to their source centres using proximal whole-rock geochemical signatures. In order to achieve these correlations, major and trace element tephra-derived glass compositions are compared with published and newly obtained whole-rock geochemical data for the entire field. The results show that incompatible trace element ratios (e.g. (Gd/Yb) N , (La/ Yb) N , (Zr/Yb) N ) vary widely across the AVF (e.g. (La/ Yb) N = 5 to 40) but show a more restricted range within samples from a single volcanic centre (e.g. (La/Yb) N = 5 to 10). These ratios are also the least affected by fractional crystallisation and are therefore the most appropriate geochemical tools for correlation between tephra and wholerock samples. However, findings for the AVF suggest that each volcanic centre does not have a unique geochemical signature in the field as a whole, thus preventing unambiguous correlation of tephras to source centre using geochemistry alone. A number of additional criteria are therefore combined to further constrain the source centres of the distal tephras including age, eruption scale, and location (of centres, and sites where tephra were sampled). The combination of tephrostratigraphy, 40 Ar/ 39 Ar dating and morphostratigraphic constraints allow, for the first time, the relative and absolute ordering of 48 of 53 volcanic centres of the Auckland Volcanic Field to be resolved. Eruption frequencies are shown to vary between 0.13 and 1.5 eruptions/kyr and repose periods between individual eruptions vary from <0.1 to 13 kyr, with 23 of the 48 centres shown to have pre-eruptive repose periods of <1000 years. No spatial evolutionary trends are noted, although a relationship between short repose periods and closely spaced eruption locations is identified for a number of centres. In addition, no temporal-geochemical trends are noted, but a relationship between geochemical signature and eruption volume is highlighted.
Introduction
The eruptive histories of basaltic volcanic fields can be reconstructed by the dating of lava and scoria deposits. These Editorial responsibility: M.I. Bursik
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reconstructions are critical for understanding the temporal, geochemical, and spatial evolution of the fields in order to better understand their potential future behaviour. However, within young fields the errors associated with current dating techniques (e.g. 40 Ar/ 39 Ar or 14 C) are often larger than the repose periods, and thus hinder establishment of a definitive stratigraphic age order of the centres (e.g. Briggs et al. 1994; Cook et al. 2005; Fleck et al. 2014; Leonard et al. 2017) . Similarly, due to the restricted subaerial distribution of scoria and lavas from small monogenetic centres, field-wide stratigraphic relationships are often difficult to establish, and cannot resolve ambiguities that arise from the dating techniques. In these circumstances, distal airfall deposits (tephras) can more reliably resolve the chronological uncertainties due to their higher preservation potential, and often stratigraphically restricted relationships.
Tephra correlation is used on a number of levels from simply correlating tephra deposit across cores or outcrops (Hopkins et al. 2015) , to defining stratigraphic marker horizons (e.g. Molloy et al. 2009 ), or matching horizons to volcanic source or provenance through comparison of distal and proximal tephra deposit characteristics (e.g. Alloway et al. 2004; Allan et al. 2008; Zawalna-Geer et al. 2016) . Linking tephras to their source volcanic centre can be straightforward where the potential number of sources is limited, the eruptive episodes (and tephras) are precisely dated, stratigraphic successions are established in proximal tephra layering, and/or the tephras (and sources) have distinctive geochemical signatures (Lowe 2011) . Where these criteria are not met, however, difficulties arise in accurately linking distal tephras to their sources. In cases where there are multiple potential sources and where proximal deposits are poorly characterised, or poorly preserved, there is currently no established method to resolve the origin of identified distal tephras.
There are a number of processes and features that should be taken into account when attempting to correlate tephra deposits. The key ones important for this study are those that can potentially produce differences in the geochemistry of glass shards in distal tephra horizons. For example, these could include atmospheric sorting of components during transportation (e.g. Lirer et al. 1973) , or geochemical variation of magma produced during single eruptions (e.g. Shane et al. 2008) , or the presence of micro-inclusions within individual glass shards (Lowe 2011) . In addition, post-eruption processes such as reworking of deposits can produce repeated sequences (Hopkins et al. 2015) , whereas poor preservation can result in inconsistent deposit thicknesses; both make the record harder to interpret (e.g. Davies et al. 2001; Pyne O'Donnell 2011) . Methodological discrepancies also need to be considered. In general, different sample types and size fractions are not compared (e.g. Larsson 1937), nor are analyses using different analytical methods. Many of these issues can be resolved through methodological, statistical, or technical practices that we discuss below. Overall, if distal deposits could be confidently linked to their source(s), the chronology of a volcanic region could be better resolved.
The Auckland Volcanic Field (AVF) is an example of a volcanic region where climate and urbanisation have resulted in the loss or obscuration of proximal tephra deposits. The spatial density of centres (53 centres distributed over an area of ca. 600 km 2 ; Fig. 1a ) adds further complexity because a given tephra deposit could have come from a number of possible sources (e.g. Shane and Smith 2000) . In addition, because of the rapid thinning of basaltic tephra away from source, evidence of stratigraphic successions is often limited to well-preserved basinal deposits, for example in the maar crater infillings (e.g. Hopkins et al. 2015) . The tephrostratigraphy of six cores from the maar craters in the AVF (Pupuke, Onepoto, Orakei Basin, Glover Park, Hopua, Pukaki; highlighted in red on Fig. 1a ) has been extensively assessed (e.g. Sandiford et al. 2001; Shane and Hoverd 2002; Molloy et al. 2009; Shane et al. 2013; Hopkins et al. 2015; Zawalna-Geer et al. 2016) . The tephrostratigraphic framework developed by the careful cross-correlation of the tephra deposits between individual cores and the geochemistry of the tephra-derived glass is used as a basis for this study (e.g. Molloy et al. 2009; Hopkins et al. 2015) .
Proximal lava and coarse-grained scoria cone-forming deposits in the AVF (defined here as whole-rock samples) have a higher preservation potential than proximal airfall tephra, and therefore, the sources of these materials can be more easily defined (e.g. Hayward et al. 2011) . In addition, a large number of whole-rock analyses already exist for the AVF centres, characterising their geochemical signatures (Table 1) . Traditional tephrochronology links distal to proximal tephra deposits, but in the AVF, this process is not possible due to the lack of unambiguously sourced proximal tephra beyond the cones themselves. Here we therefore develop and present a method for correlating distal tephra (from cored maarlake deposits, represented by glass geochemical analyses) to proximal deposits (represented by whole-rock geochemical analyses of lava or large fragments), in order to better constrain the relative and absolute eruption history of the AVF. Here we define Btephra^as the bulk airfall deposits of material explosively erupted from the volcanoes, now found as unconsolidated pyroclastic horizons within the maar-lake cores (cf. Lowe 2011) . Geochemical analyses for this study were undertaken on the juvenile glass shards derived from within these tephra horizons. The term Bwhole rock^is used here to refer to analyses of individual pieces of solid rock, from lava flows or from individual bombs or lapilli.
Methodology
To provide the most complete basis for tephra-to-source correlations, a critical requirement is an extensive database of characteristics for all volcanic centres and tephra deposits in the field. For the AVF, a large dataset already exists, including geochemistry of proximal whole-rock samples (e.g. McGee et al. 2013 ) and geochemistry of distal tephra-derived glass samples (e.g. Hopkins et al. 2015) , ages of eruptive centres (e.g. Leonard et al. 2017) , and scale of eruptions (e.g. Kereszturi et al. 2013) . Currently lacking, however, is a collated field-wide suite of geochemical data of whole-rock compositions, up-to-date estimates of the ages of the tephra horizons in the maar-lake cores, and estimates of tephra volumes for the individual centres. Below, we present the methods by which these pre-existing data were collated, and our new data collected.
Collation of pre-existing data

Whole-rock geochemistry for individual centres
A large amount of unpublished whole-rock geochemical data exists for the AVF. This includes datasets from MSc theses (Bryner 1991; Miller 1996; Franklin 1999; Hookway 2000; Spargo 2007; Eade 2009; see Table 1 ), and the unpublished data of I.E.M. Smith and co-workers at the University of Auckland. We also include here data from McGee (2012) , the majority of which is published in McGee et al. (2011 McGee et al. ( , 2012 McGee et al. ( , 2013 . For the newly discovered centres of Puhinui Craters and Cemetery Hill (B. Hayward pers. comm.) , no geochemical or age data exist and therefore these centres are not included in this study. The collated whole-rock major and trace element dataset can be found in the Supplementary material. Hayward et al. 2011) . The locations of maar craters from which cores documented here were collected are highlighted by red symbols and red font: Pupuke, Onepoto, Glover Park, Orakei, Hopua, and Pukaki. Although the Glover Park core is from St Heliers volcano, to avoid confusion here the core location will continue to be called Glover Park. b General location of the AVF within the North Island, New Zealand. Glass geochemistry for individual tephra horizons Hopkins et al. (2015) analysed major and trace element geochemistry for glass shards from tephra horizons found in the lacustrine maar cores using electron microprobe analysis (EMPA) and laser ablation-ICP-MS (LA-ICP-MS) at Victoria University of Wellington (VUW). Glass shards from only 49 basaltic horizons from five maar cores could be analysed for trace element concentrations because glass shard sizes were too small or the samples were no longer available. These data are combined with previously published major element data (Sandiford et al. 2001; Shane and Hoverd 2002; Hoverd et al. 2005; Molloy et al. 2009 ) reported in Hopkins et al. (2015) and outlined in the Supplementary material.
Compatibility of pre-existing and new data
To ensure compatibility between the data sets, and as a quality control measure, we assessed the analytical methods, accuracy, and precision of all data used in this contribution. For all pre-existing whole-rock analyses (outlined above), the methods and standardisation procedures were the same. XRF analyses for major elements were undertaken at the University of Auckland (UoA), and (where applicable) trace elements were analysed using laser ablation (LA)-ICP-MS on the XRF glass discs at the Australian National University (ANU). For XRF methods, in-house rock standards were used (see Supplementary Material), and the Si concentrations obtained from XRF analysis were used for the trace element calibration. In addition, duplicate analyses were undertaken by this study to ensure compatibility of the old and new data sets (see Supplementary Material).
For tephra-derived glass chemistry, all sample preparation followed the same standard procedures. Major-element geochemistry presented in Sandiford et al. (2001) was acquired at VUW on an older instrument than that used by Hopkins et al. (2015) ; both of these studies however used wavelength-dispersive X-ray spectroscopy (WDS) techniques. Data presented in Molloy et al. (2009) , Shane and Hoverd (2002) , and Hoverd et al. (2005) were obtained by EMPA at University of Auckland (UoA), using energydispersive X-ray spectroscopy (EDS) techniques. No previous trace element analysis had been undertaken on these samples prior to work by Hopkins et al. (2015) . Accuracy and precision of these methods is detailed in the Supplementary Material. Duplicate analyses from the same horizons, and from the same shards, were run in order to compare the newly acquired data with the existing data sets (example reported in the Supplementary Material). All aspects of these methods for both glass and whole-rock analyses, and the accuracy and precision reported for the standards, are comparable to the methods used by this study.
Ages for individual centres
To maximise the amount of available age data from individual eruptive centres, data from three methods have been collated. These methods include morphostratigraphic evidence (e.g. Hayward et al. 2011 ), 40 Ar/
39
Ar dating of groundmass material (e.g. Cassata et al. 2008; Leonard et al. 2017) , and 14 C dating of organic materials contained within or bounding the volcanic deposits (compiled in Lindsay et al. 2011) . These are detailed in Table 2 . Modelled ages for the AVF centres suggested by Bebbington and Cronin (2011) are excluded from this study, as they are based on tephra horizon ages given by Molloy et al. (2009) , which are superseded by those in Lowe et al. 2013 (for rhyolitic tephra ages) and Hopkins et al. 2015 (for basaltic tephra horizon thicknesses and depths). After the addition of data in this paper, 44 centres now have 3 or more geochemical data points
Morphostratigraphy is here defined as the interrelationships exhibited by the surface landforms, for example where tephra or lava deposits from one centre overlie another. Due to the proximity of the centres to one another within the field (cf. Fig. 1 ), 35 of 53 centres have morphostratigraphic constraints associated with them (outlined in Table 2 ). These morphostratigraphic constraints give optimum relative ages, which need to be combined with the absolute ages derived from 4 0 Ar/ 3 9 Ar or 1 4 C dating. In all cases, the morphostratigraphic constraints are consistent with the absolute radiometric age ranges.
The 40 Ar/
Ar ages presented in Leonard et al. (2017) are here given as age ranges (the 2nd error on the age, reported in Table 2 ). This is because any age within the range is considered appropriate for the centre, with no extra emphasis given to the mean ages. For the 20 centres with no 40 Ar/
Ar or 14 C ages, the relative ages of 14 centres were derived by morphostratigraphy (see Table 2 ). For the remaining six centres (Otuataua, Pigeon Mt., Robertson Hill, Boggust Park, Cemetery Hill, and Puhinui Craters), no radiometric ages or morphostratigraphic relationships are evident. As previously mentioned, Cemetery Hill and Puhinui Craters are not considered in this study, and therefore, Otuataua, Pigeon Mt., Robertson Hill, and Boggust Park are still included as possible correlatives for any dated horizon during the correlation process.
New data acquisition
Geochemical whole-rock data Prior to this study, 28 of the 53 AVF centres had three or more pre-existing major and trace element analyses, 15 centres had less than three, and 10 had no geochemical data at all (see Table 1 ). Volcanic centres with less than three existing whole-rock analyses were targeted in this study. Seventeen centres had sufficient exposure to be sampled including Boggust Park, Little Rangitoto, Mt. Albert, Mt. Cambria, Mt. Hobson, Mt. Roskill, Mt. Smart, Onepoto, Otuataua, Pigeon Mt., Pukaki, Pukeiti, Pupuke, Mt. Robertson, St Heliers, Taylors Hill, and Te Pou Hawaiki (Fig. 1a) . For an additional seven centres, major element data existed (Miller 1996) , but no trace element data were reported. Thus, for these seven centres ( Fig. 1a ; Green Mt., Hampton Park, Mangere Mt., McLaughlins Mt., McLennan Hills, Mt. Victoria, and Otara), samples collected by Miller (1996) were re-analysed for both major and trace elements by this study. For six centres (Ash Hill, Kohuora, Mangere Lagoon, Styaks Swamp, Cemetery Hill, and Tank Farm; Fig. 1a) , there are currently no exposures suitable for sampling (due to urbanisation and erosion), and therefore, no geochemical data exists.
Whole-rock samples were crushed to <15 mm in a Rocklabs Boyd crusher, then powdered using a Rocklabs tungsten-carbide TEMA swing mill at VUW. Powders were made into fused lithium metaborate glass discs and analysed for major element oxide concentrations at the Open University, Milton Keynes, UK, using X-ray fluorescence (XRF) analysis following the methods of Ramsey et al. (1995) . Internal standards WS-E (Whin Sill Dolerite) and OU-3 (Nanhoron microgranite) were analysed to monitor precision and accuracy. Major element oxides were accurate to within 2.0% of the recommended values for the internal standards, and analytical precision (2σ) was 1.5% or better for all elements.
For trace element analysis, 50 mg of whole-rock powder was treated using conventional methods of HF-HNO 3 digestion, and analysed on an Agilent 7500CS ICP-MS (VUW) in solution mode. Trace element abundances were calculated using the reduction program Iolite (Paton et al. 2011) , using BHVO-2 as a bracketing standard, and BCR-2 as a secondary standard.
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Ca was used as an internal standard using CaO contents measured by XRF. Trace element analyses were accurate to within <6% of the recommended values for the secondary standard (BCR-2), and precision (2 σ) was <6.5% with the exceptions of Cr ±10.4%, Nb ±22%, Cs ±12.2%, Ba ±11.8%, Ta ±20.9%, and Pb ±31%.
Tephra horizon ages
Within the Auckland maar cores as well as the locally derived basaltic tephra horizons, there are also distal andesitic and rhyolitic tephra deposits from various other sources within North Island (Fig. 1b) . These Bforeign^tephra can be used as stratigraphic marker horizons to aid both the absolute and relative dating of the basaltic deposits. The ages of the basaltic horizons within the cores are modelled by interpolating ages as a function of deposit depth, with the mean time interval per millimetre of core (Fig. 2) . This principle assumes that tephras represent instantaneous events (Shane 2005) , and therefore, their thicknesses are subtracted from the total sediment thickness. We use the most recent published ages for the rhyolitic marker horizons (RMHs; e.g. Lowe et al. 2013) , and couple them with the most recent published thicknesses for the basaltic, andesitic, and rhyolitic deposits in the maar cores. For basaltic deposits at Orakei and Glover Park, we use data from Hopkins et al. (2015) , and for the Onepoto core, all tephra thicknesses and depths are adapted from Shane and Hoverd (2002) . Rhyolitic and andesitic deposit thicknesses at Orakei, Hopua, Pupuke, and lower Pukaki cores (below the Kawakawa/Oruanui RMH (Kk)) are from Molloy (2008) and in the upper Pukaki core (above Kk) from Sandiford et al. (2001) .
Ages and uncertainties for all deposits found above the Maketu RMH are obtained by Monte Carlo simulation as follows. One thousand simulated sets of measured ages were found by adding the age's Gaussian noise with the standard deviations of the determined ages. Any resulting set of ages (2015); (j) Leonard et al. (2017) ; (k) Hayward et al. (2016) ; the estimated dense rock equivalent (DRE) volumes for the total, tuff ring, and scoria cone from Kereszturi et al. (2013) ; and the calculated tephra volumes using the equation reported in Kawabata et al. (2015) . For the eruption types, (A) phreatomagmatic wet explosive eruption which produces maar craters and tuff rings, (B) dry magmatic eruptions including fire fountaining creating scoria cones, and (C) effusive eruptions resulting in lava flows, and shield building out of stratigraphic order were rejected, that is, the 1000 simulations were conditional on the ages produced being in decreasing order. The simulations were then used to produce 1000 sets of interpolations with the lower 5 and upper 95 percentiles of the distribution giving the interpolated age uncertainties in 2σ (see Table 3 ). Sedimentation rate calculations are used to estimate the ages of the basaltic deposits found below the Rotoehu RMH (AVF3 to AVFc; no basaltic deposits are found between Maketu and Rotoehu RMHs). The age of the Rotoehu RMH itself is currently contentious, with published estimates ranging from ca. 40 to ca. 70 ka, associated with a range of different dating techniques (e.g. Lowe and Hogg 1995; Lian and Shane 2000; Charlier et al. 2003; Wilson et al. 2007; Danišík et al. 2012; Flude and Storey 2016) . Here, we use an age estimate of 52 ± 7 ka (D.J. Lowe pers. comm.), in order to accommodate the most likely range. In addition, because there are no dated RMHs below the Rotoehu, these calculations often assume constant sedimentation rates for a large proportion of the cores, which is probably unrealistic, and thus, they are taken as a guide only (Table 3) .
The basaltic deposit AVFd was used as a lower constraint for the sedimentation rate between the Rotoehu and the base of the Onepoto core. This deposit contains lava and scoriaceous blocks interpreted to represent the Onepoto maar crater floor (Shane and Hoverd 2002) . Although no age exists from the Onepoto eruption, morphostratigraphy suggests that it is just younger than Pupuke ), and we therefore use the mean age measured for Pupuke (193.2 ± 2.8 ka by 40 Ar/
39
Ar dating: Leonard et al. 2017 ) as a maximum age for the eruption of Onepoto. The respective calculated sedimentation rate of 0.19 mm/year is comparable to those recorded previously for younger core sections (0.18 mm/year: Shane and Hoverd 2002) . In addition, the calculated basaltic tephra horizon ages are comparable to those calculated for the correlated horizons AVF2 and AVF1 in the Orakei Basin core, Fig. 2 Age-depth profiles for rhyolitic marker horizons (RMHs) and basaltic tephra deposits within the cores, and individual sedimentation rate profiles for each core. Abbreviations, errors, and references for the RMHs ages are in Table 3 . Age envelopes are highlighted in light grey based on the errors associated with the RMH ages. AVF basaltic deposits are plotted as red triangles at the appropriate depth in the core, and horizon Eg36, an andesitic marker horizon from Mt. Taranaki, is plotted in green suggesting that the assumptions made to calculate these values are realistic (Table 3) .
In the Glover Park core, for the horizons correlated to other cores (AVF2 and AVF1), ages are assigned from an average of the values calculated from these core deposits. For horizon AVFa, which is only found at Glover Park, an age estimate was obtained through calculating the sedimentation rate between the bounding basaltic horizons, AVF1 and AVFb. The ages for these horizons were assigned based on the ages calculated for these deposits in Orakei Basin (AVF1) and Onepoto cores (AVF1 and AVFb). Calculated ages based on sedimentation rate for all basaltic tephra horizons and their associated errors are outlined in Table 3 .
Estimated tephra volumes
Previous studies have estimated total eruptive volumes for the centres of the AVF (Allen and Smith 1994; Kereszturi et al. 2013) , although distal tephra volumes were not reported due to limited measurable material. Other studies (e.g. Kawabata et al. 2015) suggest that tephra volumes for small-scale eruptions can be estimated from the volumes of the tuff and scoria cones using the following equation:
where V is volume, and DRE is dense rock equivalent values (where volumes are corrected for void spaces, detailed in Kereszturi et al. 2013) . In order to estimate tephra volume, we use the most recently published DRE values for tuff and scoria from Kereszturi et al. (2013) . Volume estimates are detailed in Table 2 .
Results
Whole-rock and glass geochemistry
Whole-rock geochemistry
Following the rock classification of LeMaitre (2002), the AVF samples range from basanitic/nephelinitic to basaltic in composition (e.g. SiO 2 = 39-49 wt.%; Mg# = 50-72). Broad positive trends exist between wt.% MgO and wt.% CaO, and wt.% MgO and wt.% Al 2 O 3 . Although less obvious, there are discernable broad negative trends exhibited in the AVF data between wt.% MgO and wt.% SiO 2 , TiO 2 , Fe 2 O 3 tot , and P 2 O 5 (not shown). These elements are more variable within a single centre than are MgO vs. CaO or Al 2 O 3 . For example, the eruptive products of Motukorea show an almost flat trend for wt.% MgO vs. wt.% TiO 2 , whereas the Crater Hill samples show a strong positive trend. Although all samples from the AVF seem to follow the overall major element trends on variation diagrams, samples from individual AVF centres can define separate trends (cf. Fig. 3 ) within this, as previously described by McGee et al. (2013) .
Trace element contents in the AVF samples vary substantially, for example, La 10-90 ppm, Nb 10-80 ppm, and Sr 300-1000 ppm (see Supplementary Material). Similar to the major elements, some of the trace elements show overall general trends for the field, as well as trends specific to each centre (Fig. 3 ). There is a strong positive trend for wt.% MgO and ppm Cr and Sc, and a general negative trend of variable slope exists between wt.% MgO and ppm Th, Nb, Sr, and La (Fig. 3) .
Mantle-normalised trace element data for near primitive AVF samples (e.g. Mg# ≥60) are broadly similar and are characterised by a positive Nb anomaly and a negative sloping light to heavy rare earth element profile (e.g. La/Yb range 4 to 40; Fig. 4 ), characteristics that are similar to ocean island basalts (OIBs). Some centres (e.g. Rangitoto 2 and Te Pou Hawaiki) have geochemical signatures that are less enriched in trace elements than others, characterised by a shallower rare earth element (REE) pattern gradient (e.g. La/Yb ≤7.5), and a positive Sr anomaly (e.g. Sr* ≥1.2). In contrast, samples from trace element-enriched centres (e.g. Mt. Cambria, Mt. Hobson, St Heliers) have a relatively steep REE pattern gradient (e.g. La/Yb ≥20), show a small trough at Zr-Hf, exhibit no Sr anomaly (e.g. Sr* ≤1.0), and display a negative K anomaly (e.g. K* ≤0.7; Fig. 4 ). These major and trace element signatures for the field are discussed in detail by McGee et al. (2013) , and are attributed to mixing during ascent of magma from three mantle sources.
Glass geochemistry
The geochemical composition of glass shards found in the AVF tephras are discussed in detail in Hopkins et al. (2015; see Fig. 4 therein) . In general, they show a consistent range in MgO (ca. 2 to 7.5 wt.%), CaO (ca. 7 to 15 wt.%), FeO (ca. 9 to 15 wt.%), K 2 O (ca. 1 to 4 wt%), and TiO 2 (ca. 2 to 4.5 wt.%) between samples from across all cores. Al 2 O 3 concentrations are shown to be consistently lower at given MgO values in the Orakei and Onepoto cores, and SiO 2 is consistently lower at given MgO values in the Onepoto core. Glass shards from individual horizons have mostly similar major element concentrations with variations within <1 wt.% for MgO, SiO 2 , FeO, and TiO 2 , and <3 wt.% for CaO, Al 2 O 3 , Na 2 O, and K 2 O, with minor numbers of horizons showing bimodal or systematic ranges in concentrations of major elements (as discussed in Hopkins et al. 2015) .
In addition to major oxides, Hopkins et al. (2015) analysed trace elements on individual ≥30-μm-diameter glass shards. Their results showed (similar to whole-rock analyses) high variability in concentrations for trace elements, for example La ca. 5-100 ppm, Nb ca. 20-175 ppm, and Sr 140-1500 ppm. In general, glass shard primitive-mantle Table 3 The ages and associated errors calculated for each basaltic horizon using either Monte Carlo simulations for those younger than the Maketu RMH or sedimentation rate calculations for those older than the Maketu RMH (italicised) References: (a) Needham et al. (2011) ; (b) Lowe et al. (2013) ; (c) Molloy (2008); (d) D.J. Lowe, pers. comm (2016) ; and (e) Leonard et al. (2017) . AVF24 is split into Rangitoto (Ra)1 and 2 identified and dated ( 14 C in cal. yr. BP) by Needham et al. (2011) . The ages for the rhyolitic marker horizons (shaded grey) are outlined in cal. yr. BP. The age of AVF17 is shown in grey text as an outlier, and the position of AVF16 also shown in grey text as out of sequence; both of these are discussed in the text. The age of deposit AVFd in the base of the Onepoto core is taken from the minimum 40 Ar/ 39 Ar age estimation for Pupuke centre, see text for details. All errors are reported as 2s.d., and the 95% confidence limits are also reported a Nomenclature from Molloy et al. (2009) for the tephra horizons found in the Pupuke core normalised multi-element plots show comparable signatures to the whole-rock geochemical patterns (Fig. 4) . Glass shards from individual tephra horizons have a more limited range in trace element concentrations when compared to the whole field, and in many cases show relatively distinct trace element patterns for each individual tephra horizon (Fig. 4) .
Tephra horizon ages
Age estimates for all tephra horizons used in this study are outlined in Table 3 and summarised in Fig. 2 . Basaltic tephra horizons found within six cores span a large age range in the field from 0.54 to ca. 143 ka (AVF24 in Pupuke core and AVFc in Onepoto core, respectively). Fourteen horizons have ages calculated at <28 ka, nine horizons are found between ca. 28 and 35 ka, and only six horizons have ages of ca. 59-143 ka. Overall, the estimated ages are in good agreement where multiple deposits are correlated across cores (Fig. 2) . Two discrepancies, however, arise (highlighted in Table 3 ): (1) The calculated age for AVF17 appears too young within the Primitive mantle-normalised trace element plots for whole rock (shaded grey) and glass from selected tephra horizons (coloured lines) from a range of cores showing a range of geochemistries and ages (high AVF#s = young, low AVF# = old). Values are normalised to primitive mantle after McDonough and Sun (1995) AVF number sequence, and (2) the calculated age of AVF16 appears too old for the AVF number sequence and suspiciously similar to the age of AVF13. These results are potentially problematic, and are therefore discussed below.
The age of AVF17 when estimated using only the Orakei Basin core (23.35 ka), rather than averaging all ages across the cores, is not chronologically out of place (e.g. AVF18 is 23.2 ka and AVF15 is 24.5 ka). However, using the average age for AVF18, which is calculated as the average of correlated units from multiple cores (deposits from within Hopua 25.2 ka, Pukaki 24.6 ka, and Orakei 23.35 ka cores), it appears too old (Table 3) . This is because the ages for the deposits in the Pukaki and Hopua core are slightly older than those estimated for just the Orakei Basin core. But, within this section (Okareka to Te Rere), all of the horizon ages calculated are within error of each other, and therefore stratigraphic constraints in the cores are required to resolve the absolute ordering. AVF19 is found above the andesitic horizon Eg36 ( Fig. 2; Molloy 2008 ), which is found in all the cores, and therefore acts as a marker horizon to place AVF19 as the youngest horizon. AVF18 is found above AVF17 within the Orakei Basin core, further restricting the ordering of these two horizons. The ordering and correlation of these horizons will therefore be maintained; however, the errors on the ages must be taken into account during the correlation process.
The ages calculated for AVF16 (Pukaki core only) and AVF13 (Orakei core only) are identical (25.23 ± 0.86 ka and 25.23 ± 0.31 ka, respectively). The age estimate for AVF16 implies that it is older than suggested by the original position in the AVF nomenclature sequence, and there is a strong possibility that the horizons represent the same deposit. Stratigraphically, there are limited constraints on the relationship of AVF16 with the other deposits from other cores. The andesitic deposit Eg34 is found below AVF16 but is not found in any other cores and therefore provides no further regional stratigraphic constraints. The Te Rere and the Kawakawa/Oruanui RHMs stratigraphically constrain horizon AVF16 (above and below, respectively), but there are no other age constraints (Te Rere tephra is not found in the Orakei Basin core). In addition, there are limited geochemical data for the deposit AVF16 to confirm or deny its relationship with AVF13 (Sandiford et al. 2001; Hopkins et al. 2015) . Therefore, due to the lack of distinct evidence to suggest these deposits are not the same, and the overwhelming similarity in the ages, we assume AVF16 and AVF13 record the same event and will be referred to as 'AVF13' with an age of 25.23 ± 0.86 ka in the following discussion.
Discussion
Discriminatory geochemical elements for the AVF Previous studies on the petrogenesis of AVF eruptive products have shown that each magma batch feeding a single centre is generated by mixing of contributions from differing degrees of partial melting of multiple mantle sources at different depths (Huang et al. 1997; McGee et al. 2013 McGee et al. , 2015 Hopkins et al. 2016) . The resulting geochemical signatures of the erupted volcanic products demonstrate that although there is overlap for many elements, combinations of some major element (SiO 2 , MgO, CaO, FeO, P 2 O 5 ) and trace element (Sc, Sr, Zr, Gd, La, Sm, Nd, Nb, Ce) concentrations or ratios (e.g. (La/Yb) N or (La/Y) N ) can be used to discriminate single trends for individual centres (Fig. 3) . The selected elements also show the widest range in concentrations in eruptive products from the AVF.
The rare-earth elements (REEs) are especially useful because fractional crystallisation of the common silicate phases has only a minor effect on their concentrations. They can therefore be used to discriminate between melts from a deep (garnet-bearing mantle = high light REE/heavy REE) or shallow (spinel-bearing mantle = low light REE/heavy REE) source (e.g. McKenzie and O'Nions 1991; Robinson and Wood 1998; McGee et al. 2013 McGee et al. , 2015 Hopkins et al. 2016; McGee and Smith 2016) . As a result of these variations, and of the discriminatory nature of certain elements and element ratios within the AVF, we show that geochemical fingerprinting can be used as a method to correlate distal tephra deposits to their source centre. Below, we discuss the techniques by which this method was tested and developed.
Geochemical correlation
A key issue in correlating the geochemistry of glass shards in distal tephra to whole-rock geochemistry of proximal lavas and pyroclastic particles is that most whole-rock samples contain mineral inclusions (e.g. olivine), whereas small volcanic glass shards (in tephra) do not. Hence, the concentration of elements that strongly partition into mineral phases (e.g. Mg, Ni, or Cr into olivine) in whole-rock samples will not be comparable to the respective element contents in the glass shards (e.g. Fig. 5a ). Conversely, elements that preferentially remain in the melt (e.g. those that are incompatible with mineral phases commonly found in alkali basalts, such as the REE) are likely to have comparable concentrations in whole-rock and glass shards. In addition, mineral-free groundmass glass from whole-rock samples is likely to have a comparable geochemical signature to the glass shards forming distal tephra deposits (e.g. Lowe 2011; Allan et al. 2008; Lowe and Alloway 2015; Fig. 5b ).
These hypotheses were tested initially on samples from a known source by comparing the geochemical composition of (a) a proximal whole-rock sample and (b) the matrix-derived glass from that sample to (c) glass shards from a distal tephra deposit. The whole-rock lava sample Mt. Wellington AU62394 was chosen for two reasons: (1) it has a fresh, glassy groundmass and (2) distal tephra from Mt. Wellington has been unambiguously identified in the Hopua core based on age and thickness (Molloy et al. 2009 ). The lava sample was processed first as a whole-rock sample (XRF and ICP-MS, see 'Methodology' section). It was also processed to produce a 'matrix-derived glass' sample by crushing the rock and separating shards of matrix glass that were of comparable size (30-100 μm) to the glass shards found in the tephra horizon from the Hopua core (Molloy et al. 2009 ). These separated matrixderived glass shards were then analysed by EMPA and LA-ICP-MS using methods outlined in Hopkins et al. (2015) .
Geochemical correlation of glass shards from distal tephra deposits with matrix derived glass Figure 6 shows MgO vs. Al 2 O 3 (in wt.%. [Fig. 6a]) and Gd vs. Zr (in ppm [ Fig. 6b] ) for matrix-derived glass and the glass from its known distal correlative from the Hopua core; the overlap in the data demonstrates that their compositions are comparable. This is the case for a wide range of both major and trace elements (including MgO vs. full major element For some elements, however, the glass from the distal tephra has larger variations than does the matrix-derived glass (Fig. 6a) . This is attributed to either (1) the matrix-derived glass being made from a single clast and thus having minimal compositional variation, and/or (2) glass shards from the distal tephra showing a higher variability due to initial differences in composition of the erupted magma creating variability in the glass shard composition throughout the eruption (e.g. McGee et al. 2012 ). This test proves that matrix-derived glass from proximal samples can be successfully correlated with glass shards in distal tephras using trace elements and trace element ratios (Fig. 6b) .
Geochemical analysis using EMPA and LA-ICP-MS techniques are for individual glass shards, ensuring that phenocrysts and microlites are not analysed. Accordingly, matrixderived glass from proximal samples can be correlated with glass shards from within distal tephra deposits using both elements that are highly compatible and elements that are incompatible. Compatible elements are preferentially incorporated in key crystallising minerals within the whole rock (e.g. olivine) and therefore result in comparable glass chemistries between matrix-derived glass and tephra-derived glass. The incompatible trace elements can also be used because they are not preferentially taken into the crystal phases. We therefore conclude that matrix-derived glass from whole-rock samples can be correlated to glass shards from the distal tephra deposits, with some minor caveats. For example, this method relies on the existence and ability to extract glass from the groundmass of proximal whole-rock samples, which is not always possible.
Correlation of glass shards from distal tephra with whole-rock samples
In general, when the entire suite of whole-rock and glass geochemical datasets are compared, MgO, Cr, and Ni all show distinctly higher concentrations in whole-rock samples than in the glasses (e.g. MgO in whole-rock range from ca. 6-16 wt.%; in glass ca. 2-6 wt.%: Fig. 5a ). Compared to whole-rock analyses, all glasses contain higher (but slightly overlapping) wt.% SiO 2 , Al 2 O 3 , Na 2 O, and K 2 O contents (e.g. SiO 2 in whole rock ca. 38-50 wt.%; glass ca. 42-52 wt.%). CaO, FeO, TiO 2 , and P 2 O 5 have comparable ranges between whole rock and glass, as do the trace elements, including REEs (Fig. 5b) . The REEs in general do show comparable but slightly wider ranges in concentrations in the glass than in the whole rock (e.g. Sr in glass = 140-1500 ppm vs. Sr in whole-rock = 300-1000). In addition to the presence of phenocrystic material combined into a bulk rock analysis, correlating major element compositions of proximal whole-rock samples to those of glass shards in distal tephra has proved difficult, due to the effect that fractional crystallisation has on the concentrations of some elements (e.g. Pearce et al. 2008; Ukstins Peate et al. 2008; Dunbar and Kurbatov 2011; Óladóttir et al. 2012) . Plotting element concentrations (for whole-rock samples from a single centre or glass shard analyses from one tephra horizon) against other elements that are compatible with certain crystals (e.g. MgO for olivine, CaO and Al 2 O 3 for pyroxene or plagioclase) can be used to monitor the effect of crystal removal on these elements in the glass. If an element shows a positive or negative correlation (r 2 ≥ 0.6, where no single point is responsible for the trend), with key compatible major elements (MgO, CaO, Al 2 O 3 ), then that element is significantly affected by crystal removal and therefore not useful for correlation purposes. In addition to key major elements, trace elements with high partition coefficients for olivine and pyroxene (e.g. Ni, Cr, Sc) are also affected. For example, Fig. 7 shows that for MgO vs. Ni, the whole rock r 2 = 0.75, and for tephra-derived glass r 2 = 0.61. Conversely, high field strength elements (HFSEs), such as Nb, Zr, and REE, show no trend with elements tracing fractional crystallisation (e.g. for MgO vs. La; r 2 = 0.02 for tephra-derived glass, and r 2 = 0.11 for whole rock). This exercise discussed above was repeated for all glass-shard analyses from all tephra horizons and for all whole-rock samples from all centres using MgO, CaO, Al 2 O 3 , Ni, Mn, and Sr on the x-axis (and all other major and trace elements on the y-axis). These results suggest that HFSEs are incompatible with major N , and (Nd/Yb) N ) also showed no correlation with any of the x-axis elements. Therefore, these ratios are considered best for geochemical correlation between glass shards and whole rocks. Such ratios show a broad range in the AVF as a whole, but a relatively restricted range in samples from each single centre, and no relationship with indices of fractional crystallisation.
When applied to the known Mt. Wellington samples, a comparison of proximal whole rock, matrix-derived glass (of the same whole-rock sample), and distal tephra-derived glass shows the expected results. Figure 6c shows an example of element combinations that are comparable for glass-glass correlations but not for glass-whole rock correlations (e.g. MgO vs. Al 2 O 3 , K 2 O, Ni, Cr, and the REE). In contrast, some major element combinations do appear to correlate the whole rock with glass of the distal tephra ( Fig. 6d; including SiO 2 vs. TiO 2 and FeO, and CaO vs. TiO 2 , FeO, and Al 2 O 3 ). In these cases, however, the strong correlation is mainly due to the small variability observed in the Mt. Wellington samples; it may not be applicable for other centres within the AVF. Figure 6e illustrates an example of incompatible trace elements in glasses that show slightly more variability than the whole-rock samples do; this discrepancy is, however, minimised when trace element ratios for the two sample types are compared (see Fig. 6f ). The incompatible trace element ratios are sufficiently distinctive to allow independent correlation to be made between the field-wide suite of proximal whole-rock and distal glass data, especially (La/Yb) N , (Gd/Yb) N , and (Zr/Yb) N , all of which show a wide range of values in the field as a whole. It is therefore concluded that by using incompatible-element and LREE/ HREE ratios, it is possible to geochemically correlate individual glass shards from distal tephra deposits with proximal whole-rock samples. There are, however, some additional limitations for the AVF.
Limitations on geochemical correlations
Previous studies have demonstrated that the geochemical composition of the erupted products within some of the AVF centres (e.g. Crater Hill: Smith et al. 2008; Motukorea: McGee et al. 2012 ) changes as the eruptions progress from initially phreatomagmatic to magmatic eruption styles (Table 2 ). These centres consistently show, for example, initially low wt.% SiO 2 and Mg/Fe ratios and higher incompatible element contents that evolve to final products with higher wt.% SiO 2 and Mg/Fe ratios and lower incompatible element abundances (e.g. Reiners 1998; Smith et al. 2008; McGee et al. 2012) . Such variability may complicate correlation of proximal units to their related distal tephra deposits because directions and distances of eruptive dispersal may not be constant through an eruption.
For AVF centres, most of the eruptive phases are explosive (Table 2) , and therefore, if centres show geochemical evolution through an eruption (e.g. Motukorea, Crater Hill), there is the potential for tephra deposits (from early phreatomagmatic phases) to have higher trace element ratios (LREE/HREE) than their subsequent lava or scoria deposits (from later magmatic phases). This bias may hinder correlation of some distal tephras to their source centre.
To address this issue, Fig. 8 shows the geochemical progression through the eruption of Motukorea (data from McGee et al. 2012 ), compared with the correlated Motukorea tephra horizon found in the Orakei Basin core. Distal tephra-derived glass shards appear to show slightly higher SiO 2 concentrations at given Zr concentrations (due to fractional crystallisation processes), but do show the full evolutionary geochemical trend for the entire eruption. For the incompatible trace element ratios, the glass shards appear to be geochemically comparable and again have signatures that are the same as all phases of the eruption from tuff (explosive early phases), to lava and scoria (less-explosive later phases) (Fig. 8) . Although these results generally validate our method, we still cannot discount the possibility of a mismatch, due to the limited geochemical data available for the evolution of individual centres.
Another limitation of using geochemistry to correlate tephras to their source centres is that not all the 53 AVF centres show distinct geochemical signatures. Geochemical composition alone cannot unambiguously fingerprint a centre if there are either a large number of centres with relatively similar geochemical compositions, or a general lack of geochemical data (either whole rock or glass). It is therefore essential to include additional criteria (discussed below) to allow confident correlations to be made.
Multi-criteria correlation of tephra horizons to source centres
We combine four key factors to correlate distal tephra deposits to their source centres: age, geochemistry, scale of eruption, and location of sources. Where applicable, wind direction is also taken into account.
A shortlist of potential source centres (Table 2) is created based primarily on the restrictions provided by the age estimates of the tephra deposits and the age estimates of the centres. For those shortlisted centres, the major, trace, and trace element ratios of the proximal whole-rock analyses are compared to the distal tephra-derived glass compositions, focussing on incompatible trace element ratios (Fig. 9) . To strengthen potential correlations, other criteria such as the eruption scale and styles, and the location of the relevant source centre(s), and the relevant core(s) are also taken into account, as discussed below.
Because fall deposits thin systematically with distance (Pyle 1989; Lowe 2011) , eruptions with a large estimated tephra volume (ETV) and a dominant phreatomagmatic component are likely to produce a larger tephra output and hence a greater dispersal footprint and deposit. Therefore, very thick (primary) tephra deposits (>100 mm) in a core (Hopkins et al. 2015 ) require a source centre that is either (1) close to the deposition site (less than a few kilometres: Brand et al. 2014) , and/or (2) has a predominantly phreatomagmatic eruption style, and/or (3) has a large magma supply and thus a long eruption duration.
Due to the relatively small size of the AVF volcanoes, the tephra dispersed by single eruption is not thought to cover the entire field for any single event (Kermode 1992) . Therefore, the distribution and thickness of tephra deposits can be indicative of the region within the field where the source centre is located. For example, tephra deposits that are only found in the northern maar sites (Onepoto, Pupuke, Orakei, Glover Park) are inferred to indicate sources in the north or central AVF (based on the dominant wind direction, discussed below). Conversely, a deposit only found in the southern maar site (Pukaki) is suggestive of sources in the south of the field. Tephra deposits found in both northern and southern maar sites are likely to have been derived from the central part of the field, and/or reflect an eruption large enough to widely disperse tephra from any source site within the field.
Wind direction is also considered, where possible, when making source correlations, because it has a controlling influence on tephra dispersal. For the Auckland region, evidence of prevailing past wind directions can be inferred from the morphology of the volcanic centres, for example, asymmetric tuff rings or scoria cones (e.g. Motukorea, Hayward et al. 2011) . Such morphological indications are not however definitive for the majority of centres because there has often been post-depositional erosion, so present cone morphology is not seen as a definitive wind direction indicator for an individual eruption. The dominant prehistoric wind patterns (westerly/south-westerly) are, however, still the dominant patterns for today (Houghton et al. 2006 ). This wind direction generally has resulted in more frequent tephra deposition in the north-east and east of the field, confirmed by the high number of deposits found within the Orakei Basin core, situated north-east of most centres (Fig. 1) . Tephra deposits are therefore more readily traced back to sources to the west and south-west. Conversely, centres found to the east or north-east Average age is calculated by this study (Table 3) . Proposed centre is given in bold with certainty value (scale 1-3). Ticks indicate where correlation satisfies the criteria of age (within error of radiometric age), chemistry, scale, and location; '?' indicated where centre ages are unknown. Alternative possible centres are outlined with their certainty value and criteria. See Supplementary material for explanation of ambiguities in the table in relation to the rating given of the maar sites (e.g. Pigeon Mt., Hampton Park, Otara, Green Mt., and Styaks Swamp; Fig. 1 ) are less likely to be represented in the maar-lake tephra record. Hopkins et al. (2015) detailed 28 tephra horizons within six cores. Eleven of the horizons are cross-correlated between cores, linking two or more deposits, and 17 tephra horizons are single deposits found only within single cores. We here have reduced the number of single horizons to 16, and increased the number of cross-correlated horizons to 12 based on the correlation of horizons AVF16/AVF13 as previously discussed.
For correlation purposes, we assess each tephra horizon individually; all potential sources are accounted for and discussed, without bias from any other correlations made (see Supplementary Material). A 'confidence value' is assigned for each correlation based on the number of supporting criteria that are satisfied (i.e. age, geochemistry, scale and location). In general, if all four criteria are satisfied a confidence level of 1 is given, when three are satisfied a confidence level of 2 is given, and if only two are satisfied a confidence level of 3 is given (detailed in Table 4 ). Each of these criteria is variably weighted in importance with age ≥ geochemistry >> locality ≥ eruptive scale. In some cases, the confidence level is skewed to reflect this weighting of criteria, and this skew is detailed for each individual case in the Supplementary material.
Discussion of the correlation of all 28 horizons to their proposed source can be found in the Supplementary material, with an example of the discussion outlined below for a single representative tephra horizon (AVF5). For each of the horizons, the proposed source centres are given in Table 4 along with alternatives that were considered. Of the 28 horizons, eight have been given a correlation with confidence level of 1, 11 have been given a confidence level of 2, and seven have been given a confidence level of 3, with two horizons remaining uncorrelated (Table 4) .
Example of multi-criteria discussion for a level 3 correlation AVF5 is a thick (110 mm) geochemically homogeneous deposit found only in the Orakei Basin core at a depth of 57.44 m. The bulk tephra sample contains coarse glass shards (>250 μm) and abundant country-rock lithic grains. The source is thus inferred to be relatively close to Orakei Basin in the north of the field. Its modelled sedimentation rate age is of 34.2 ± 0.9 ka (Table 2.). Mt. Cambria is the only candidate with the appropriate age and location; however, it is one of the smallest centres in the field with an estimated tephra volume (ETV) of 0.44 × 10 6 m 3 (Table 2) . It is located ca. 5 km away from Orakei Basin, and therefore, it is highly improbable that it would have produced a 110-mm-thick tephra deposit within the basin. Several other centres have appropriate locations and eruption scales, but are older than 35 ka ( Ar age for Mt. Hobson (44.9-66.9 ka) is older than the modelled AVF5 tephra horizon age, but the only morphostratigraphic constraint is that Mt. Hobson is older than Three Kings (consistent with this correlation). We therefore discount the age constraints, which are separated by 9.8 kyr beyond error bounds. This correlation is predominantly based on the locality and scale of eruption and the deposit, with inconclusive geochemistry; it is therefore given a confidence level of 3.
Tephra dispersal in the AVF
Using confident correlations (levels 1 and 2 only, which depend primarily on age and geochemistry) of tephra horizons from cores to their source centres, inferences can be made about the dispersal distances and thickness of the deposits from the AVF eruptions. Table 5 outlines the distance (from source to depositional core site), thickness (primary horizon thickness identified by Hopkins et al. 2015) , and (where applicable) the estimated shard sizes (based on grain sieving during glass shard extraction) for each of the centres that have been assigned a correlation with confidence level 1 or 2. There are no contemporaneous subaerial deposits in Auckland (cf. Hopkins et al. 2015) , and the recorded thicknesses are here considered to be minima due to potential post-depositional compaction and erosion (Óladóttir et al. 2012) .
For all correlations with a confidence level of 1, the maximum dispersal is of 13.5 km, for the Three Kings eruption recorded in Pupuke maar in a deposit 2 mm thick with shards of 50-100 μm. For both confidence level 1 and 2 correlations, the thickest deposits (≥100 mm) are all found within 6 km from source, with a sharp decrease in deposit thickness (all <80 mm) at distances >6 km (Fig. 10a) . The maximum tephra thickness recorded in the cores is 510 mm; the tephra is from the One Tree Hill eruption in Orakei Basin, 4.6 km from the core site, suggesting that for a relatively large eruption (DRE tot = 0.26 km 3 Kereszturi et al. 2013 ) tephra deposits can be >500 mm thick at distances of >4 km. The correlation results also show that shard size decreases with distance from Table 5 For those deposits with a correlation certainty of 1 or 2, the distance to the deposition site (core) (km), thickness of the deposit within the core (mm), and the average shard size of the tephra ( n/a n/a AVFa n/a n/a n/a AVFb n/a n/a n/a source ( Fig. 10b) , with 60% of deposits <6 km from source having shards >200 μm, which reduces to 45% of deposits 6-12 km away and 0% >12 km from source. These findings are particularly applicable as inputs for tephra dispersal model simulations, evacuation and 'clean-up' forecasting, planning, and management (e.g. Tomsen et al. 2014; Wilson et al. 2014; Hayes et al. 2015) . Tephra horizon AVF12 correlates to Mt. Eden (Fig. 1) , and is one of the most widely dispersed (and thus best preserved) tephra horizons; >10 mm thick in both Pupuke and Pukaki cores, which are 11 and 12 km from source, respectively. The Mt. Eden event also correlates with some of the thickest tephra deposits in the cores: 410 mm in Orakei (4.5 km from source), and 460 mm in Hopua (6 km from source). Figure 11a shows the decrease in tephra thickness away from source, coupled with the decrease in tephra shard size. Mt. Eden is also used as an example to show how the core-to-core and core-to-source centre correlations can be used to build isopach maps for the dispersal pattern of the eruption (Fig. 11b) . The impact of the prevailing westerly winds is considered and therefore produces an inferred elliptical tephra dispersal footprint. With a calculated total DRE volume of 0.086 km 3 , the eruption of Mt. Eden was one of the largest in the AVF, and therefore illustrates the impacts of a more extreme tephra dispersal event from a larger-scale eruption.
Smaller eruptions produce more restricted tephra dispersal; 13 of the 29 tephra horizons (45%) are only identified within single cores. Small eruptions can nevertheless result in nearsource tephra horizons of substantial thickness. For example, AVF10, now correlated to the eruption of Taylors Hill (DRE volume of 0.0051 km 3 ), is restricted to the north of the field with cross-correlated deposits found in Orakei Basin (407 mm at ca. 5 km away), Onepoto (15 mm at ca. 12 km away), and Pupuke (3 mm at ca. 13 km away).
Deposits are not necessarily found in all maars along a dispersal pathway. For example, AVF4 is found in Orakei Basin (41 mm) and Pupuke (15 mm) but is absent in Onepoto, which lies directly between the two. These dispersal patterns are most likely indicative of either discontinuous preservation and/or complex distal fallout (Molloy et al. 2009 ). Fig. 10 Data for all correlations with a confidence rating of level 1 or 2 (data in Table 6 ). a Horizon thickness vs. distance from source, showing that the thinning of deposits increases away from source. Grey shaded area marks <6 km, within which all the deposits >100 mm thick are found. b Percentage of shard size vs. distance from source, indicating the fining of away from source Table 6 lists tephra dispersal information from selected basaltic volcanic fields worldwide together with those for some AVF centres. Monogenetic basaltic eruptions that show comparable total eruptive volumes, dispersal distances, and thicknesses to some of the larger AVF centres include Mt.
Gambier (Newer Volcanics, Australia) with an estimated DRE tot = 0.20 km 3 (van Otterloo and Cas 2013) and measured tephras ≤5 cm thick at the 10-12-km distance (Lowe and P a l m e r 2 0 0 5 ) . I n c o m p a r i s o n , O n e Tr e e H i l l (DRE tot = 0.26 km 3 ) of the AVF has a measured tephra References include (a) tephra horizon ages from this study; (b) 14 C from Lindsay et al. 2011 ; (c) Ar-Ar from Leonard et al. 2017 or Cassata et al. 2008 Table 3 ); and (d) morphostratigraphic constraints (references in Table 3 ) and/or paleomagnetic constraints (from Shibuya et al. 1992) . Absolute ages evaluated by this study are discussed in detail in the Supplementary material. Note that for centres where morphostratigraphy suggests contemporaneous eruptions (e.g., no material between successive volcanic deposits), an arbitrary difference of 500 years is assigned based on a minimum time taken to form soil horizons Fig. 13 The combined age data that allow the centres to be put in order. Core correlations are from Hopkins et al. (2015) , AVF horizon correlations from this study, Ar-Ar ages and ranges from Leonard et al. (2017) , and morphostratigraphic relationships from Allen and Smith (1994) , Affleck et al. (2001), and Hayward et al. (2011) . Key rhyolitic marker horizons are shown in colours, and highlight the chronostratigraphic age limits for the basaltic horizons. Age ranges depicted by error bars are not to scale; the ranges are drawn to the associated ages in the cores thickness of 6 cm at 10 km from source ( (Johnson et al. 2014 ). Its tephra is 2 cm thick at 7 km from vent, comparable to many AVF eruptions of similar scale, e.g. Mt. Wellington and Three Kings (Table 6 ). It is difficult to find global comparisons for the smaller AVF eruptions, but some of the latter show equivalent values to the larger global examples, for example, Orakei Basin, with a DRE tot of 0.0067 km 3 depositing tephra 4 mm thick at 5 km from vent. A number of factors could potentially contribute to the apparent wider dispersal of tephra from the smaller AVF centres, including the high proportion of phreatomagmatic eruptions seen within the field (Table 2) , the consistent prevailing wind directions, or the more favourable preservation conditions provided by the maar sites.
Eruption age order resolution for the AVF
The correlation of tephra deposits to their source centres, coupled with 40 Ar/ 39 Ar ages and morphostratigraphy, enables us to construct a relative age model for 48 of the 53 centres, thus allowing us to re-assess the absolute ages for all centres. As previously outlined, although the 40 Ar/ 39 Ar age data (Leonard et al. 2017) provide improved age constraints for many of the AVF centres, the associated errors preclude ordering eruptive events. We reconstruct the relative temporal eruptive history for the AVF by combining (1) the mean 40 Ar/ 39 Ar (Cassata et al. 2008; Leonard et al. 2017 ) and 14 C ages Needham et al. 2011) , (2) the modelled sedimentation rate ages assigned based on tephra horizon correlations, and (3) the relative positions based on morphostratigraphic (cf. Table 3 ) or paleomagnetic constraints (Shibuya et al. 1992; Cassidy 2006; Leonard et al. 2017; Fig. 12 ). For five centres, there is not enough information to assign absolute or relative ages, and these centres are therefore Table 7 and Fig. 13 present a new relative age order and absolute ages for 48 of the AVF centres as defined by this study. A full discussion of the proposed relative and absolute age order can be found in the Supplementary material. Two previous studies have attempted reconstructions using statistical methods. Bebbington and Cronin (2011) reconstructed the temporal history of the entire field through age simulations based on tephra horizon correlations, stratigraphic constraints, and radiometric ages. Kawabata et al. (2016) made improvements to this statistical approach but focussed solely on correlating the tephra horizons to sources. The input for the original model simulations of Bebbington and Cronin (2011) included deposit thicknesses and age estimates for basaltic tephra within maar cores (from Sandiford et al. 2001; Shane and Hoverd 2002; Molloy et al. 2009 ), and age estimates for the AVF centres (from Lindsay et al. 2011) . In order to improve on Bebbington and Cronin (2011) , Kawabata et al. (2016) used newly refined ages for the rhyolitic and andesitic marker horizons from Lowe et al. (2013) as tie points within their reconstruction, and added wind direction and estimated tephra volumes. This improved modelling showed only three correlations that were consistent with the previous research, suggesting how easily new data inputs can dramatically impact the outputs of statistical modelling.
When we compare our tephra correlations to those outlined by Kawabata et al. (2016; Table 4 and Fig. 13 ), there are three common correlations: AVF1 and Domain, AVF2 and One Tree Hill, and AVF12 and Mt. Eden. There are however a large number of discrepancies that we attribute to differences in input data, in most cases linked to differing tephra horizon characteristics and the improved age constraints provided by Leonard et al. (2017) . Figure 14 shows a comparison of our field-wide absolute and relative chronology results to those of Bebbington and Cronin (2011) . There is significant scatter around the 1:1 line, indicating the data sets, and thus the relative orders are significantly different (Fig. 14a) . For example, Bebbington and Cronin (2011) model 21 centres as older, 18 as younger, and 9 in the same positions as our results show. There are, however, only a few large discrepancies (>20 positions) between the two studies. Little Rangitoto, Motukorea, and Te Pou Fig. 15 Comparison plots for whole-rock geochemistry vs. eruptive volume for all data available from the AVF. Data are plotted vs. eruptive volume estimates from both Kereszturi et al. (2013) and Allen and Smith (1994) for comparison. All data are shown in light grey symbols, with mean values for each centre highlighted for pre-existing data in grey triangles, and for new data in red triangles
Hawaiki were all given much older positions (42nd, 35th, and 43rd, respectively) than those inferred in this study (13th, 12th, and 16th, respectively), and McLaughlins Mt., Mt. Mangere, and Mangere Lagoon are given much younger positions (4th, 9th, and 12th, respectively, from Bebbington and Cronin 2011) than those inferred in this study (30th, 33rd, and 34th, respectively).
For absolute age estimates (Fig. 14b, c) , variation between the data sets is apparently greater than for the relative age estimates. Only 20 centres show offsets of <5 kyr between the modelled ages and our inferred ages, with the remaining 28 showing larger offsets from 6.1 kyr (Mt. Hobson) up to 124 kyr (Te Pou Hawaiki). In addition, the modelled absolute ages (from Bebbington and Cronin 2011) cluster around 30 ka, whereas this study infers a broader spread between 20 and 35 ka for the same centres. The Bebbington and Cronin (2011) model is heavily weighted towards tephra horizons in the 30-ka age range, and this may impart a bias on the age constraints of their model's output. For all centres modelled by Bebbington and Cronin (2011) with ages between 45 and 75 ka, the ages appear to be younger than inferred in this study (e.g. One Tree Hill, Mt. Albert, and Tank Farm). Conversely, modelled ages for centres older than 75 ka seem to be overestimates (e.g. Little Rangitoto, Orakei Basin, and Onepoto). The conflicting results for both relative and absolute age estimates between the two studies (e.g. for Onepoto, Pupuke, and Tank Farm) are likely to reflect differences in the data inputs.
Implications for the spatial, temporal, and geochemical evolution of the Auckland Volcanic Field
Spatial and temporal evolution
The newly estimated ages for 48 of the 53 centres suggest that 18 centres erupted in the first ca. 140 kyr of the AVF's history (190-ca. 50 ka), with 30 erupting from ca. 50 to 0.5 ka. By using the rhyolitic marker horizons (RMHs) as definitive age constraints, the number of eruptions per 1000 years (erup/kyr) can be calculated: present to Rerewhakaaitu (Rk) (0-17.5 ka) 0.3 erup/kyr; Rk to Okareka (Ok) (17.5-21.5 ka) eruption rate of 1.0 erup/kyr; Ok to Kawakawa/Oruanui (Kk) (21.5-25.4 ka) eruption rate of 1.5 erup/kyr; Kk to Rotoehu (Re) (25.4-52 ka) eruption rate of 0.6 erup/kyr; and Re to inception (52-193 ka) eruption rate of 0.13 erup/kyr. These results suggest that in general there was an increase in the eruption frequency through time until ca. 21.5 ka (Okareka RMH; Table 7 ), followed by a decrease since 21.5 ka. Field-repose periods show a wide range from <0.1-13 kyr (Table 7) ; however, eruptions are not evenly distributed within this range. Only six centres show field-repose periods of 10-13 kyr, whereas 23 centres erupted after field-repose periods of 1000 years or less (all except four of which are younger than 50 ka), and 18 of these 23 have field-repose periods of 500 years or less. In general, the longer field-repose periods occur at the beginning of the field's history, with all of the six centres with field-repose periods of 10-13 kyrs appearing between 193 and 86 ka.
The distance between successive eruptions (Table 7) varies from <0.5 to 14 km with two outlier events taking place 21 and 19 km from sites of preceding events. There is spatial but not temporal alignment of some centres for example McLaughlins Hill-Wiri Mt.-Ash Hill (Fig. 1) ; these alignments have previously been attributed to pre-existing crustal fractures and faults (Magill et al. 2005; von Veh and Németh 2009; Kereszturi et al. 2014 ). In general, there is no obvious spatial progression or pattern in location of vents through time.
Previous studies (Bebbington 2013; Le Corvec et al. 2013 ) have suggested that the location of each centre is independent of that of the previous centre, and for the most part the results presented in this study support this suggestion. When centre location is linked with the temporal evolution, however, a number of centres appear to have erupted very closely in space and time. These 'coupled' centres are here defined as having a field-repose period of 1000 years or less and with centres erupting <1 km away from each other. For example, Mt. Wellington and Purchas Hill are dated to 10.5 and 11 ka respectively and are located ca. 0.5 km apart. The other centres include Rangitoto 1 and 2 (Needham et al. 2011) , Styaks Swamp and Green Mt., Mt. Eden and Te Pou Hawaiki, Otara and Hampton Park, and Wiri Mt. and Ash Hill (Table 7 ). It may also be possible to include Onepoto and Tank Farm, Mangere Mt. and Mangere Lagoon, and Domain and Grafton, although the age of one or both volcanoes in each of these pairs is poorly constrained.
Geochemical evolution
The collation of existing, and collection of new, whole-rock and tephra-derived glass geochemical data presented here provides the most comprehensive geochemical dataset for the AVF to date (see Table 1 ). These data reveal a more complete view of the field as a whole, and further support the work of McGee et al. (2013 McGee et al. ( , 2015 , Hopkins et al. (2016), and McGee and Smith (2016) on the mantle source characteristics and the link between geochemical signatures of the erupted products (e.g. SiO 2 vs. CaO/Al 2 O 3 , or SiO 2 vs. (La/Yb) N (Fig. 15) ) and the eruptive volume for the centres (from Kereszturi et al. 2013 ). The new field-wide data set produced by this study shows that for SiO 2 vs. CaO/Al 2 O 3 the trend in the data is less well defined in comparison to SiO 2 vs. (La/Yb) N (Fig. 15) . This greater scatter is attributed to the impact of minor amounts of fractional crystallisation on major elements during magma ascent (e.g. Hopkins et al. 2016) . The (La/Yb) N ratio shows a much stronger trend because these two elements are incompatible, thus less affected by fractional crystallisation, and therefore are more reflective of the mantle source signature.
In addition, McGee et al. (2013) highlighted a relationship between the trends observed in trace element multi-plots and eruptive volumes, suggesting that K and Sr anomalies (cf Fig. 4) are also linked to eruptive volume. This conclusion was, however, based on geochemical data for only 10 centres (spanning a wide range in eruptive volumes). The addition of our new data suggests that these relationships may be less clear-cut. For example, the geochemical data for whole-rock samples from Te Pou Hawaiki shows a highly subdued K anomaly, coupled with a large Sr anomaly. This signature was linked by McGee et al. (2013) ), yet does not have a more extreme geochemical signature than Purchas Hill (e.g. it lacks a more pronounced K anomaly, or Zr-Hf trough; Fig. 4) .
If the McGee et al. (2013 McGee et al. ( , 2015 correlations are accepted, then a number of the newly analysed centres exhibit geochemical signatures that are suggestive of larger magma batches than fit their inferred eruptive volumes (Fig. 15) . There are three possible explanations for these discrepancies: (1) volume estimates are inaccurate, (2) magma volume is 'lost' on ascent, or (3) the mantle source is heterogeneous.
Volume estimates by Kereszturi et al. (2013) are considered more reliable than those of Allen and Smith (1994) , but the same relationships are seen with either data set (Fig. 15) . Distal tephra is not accounted for in either model, potentially leading to volume underestimates (Kereszturi, pers. comm.) . This underestimate is not, however, enough to account for the observed discrepancies between the geochemical signatures and the erupted volumes. It is possible that there is a loss of magma during ascent, due to either or both of (1) fractional crystallisation of ascending melt or (2) trapping of magma within the crust as an intrusion. Losses through fractional crystallisation are supported by the less well-defined relationship between the major elements and the erupted volumes as discussed previously. However, because many of the AVF lavas have a very primitive geochemical signature, there is only evidence of very limited fractional crystallisation (e.g. Smith et al. 2008; McGee et al. 2013; Hopkins et al. 2016) , which is again not enough to account for the discrepancies. It is therefore most likely that a heterogeneous mantle source, coupled with minor amounts of fractional crystallisation and retention of magma in the crust, may affect the final proportion of magma that is erupted. When geochemical data are combined with the temporal ordering, there are no obvious patterns identifiable through the history of the field. The lack of systematic change in the geochemical signatures through time suggests that the mantle source is not evolving in any systematic manner. Instead, the magma batches for each eruption are formed through the variable tapping and mixing of these heterogeneous mantle sources.
Conclusions
The collation of whole-rock major and trace element data for the AVF has (with a few exceptions) facilitated the development and testing of a method to correlate distal tephra samples to their source volcanic centres. Geochemical correlation between distal tephra-derived glass and the glassy matrix of whole rocks at the source volcano is proved to be reliable. The method produces reasonable results based on major element signatures alone, with correlations strengthened by the use of trace element signatures. Furthermore, incompatible trace elements and their ratios (particularly vs. Yb; e.g. (Gd/ Yb) N , (La/Yb) N , (Zr/Yb) N ) are representative for individual centres and can therefore be used to geochemically correlate distal basaltic tephra to proximal whole-rock samples in the AVF. Specifically, the ratios listed above are proven to be most useful in assigning individual geochemical fingerprints because they are highlighted to be the most variable across the field, yet the least variable within any given centre, and the least affected by fractional crystallisation processes.
This study has demonstrated geochemistry to be an effective tephra correlation tool, but we stress that geochemical compositions are not always sufficiently distinct to provide a definitive result. To efficiently correlate tephra layers to their source centres, a multi-criteria approach is required. For greatest correlation confidence, this approach combines age data (of both distal tephras and proximal whole-rock deposits) and eruption characteristics (e.g. scale and locality), to assign the source centre to tephra deposits. Of the 28 basaltic tephra horizons in the AVF maar-lake cores, all but two (newA and newB) are correlated to a source; eight with a confidence level of 1, 11 with a confidence level of 2, and seven with a confidence level of 3.
The correlations with confidence levels of 1 and 2 are used to determine tephra dispersal and thickness (e.g. footprint) from the AVF eruptions. The maximum tephra dispersal distance is 13.5 km with a primary deposit thickness within the core of 2 mm, and for all primary core deposits with a thickness >100 mm the source is <6 km away. In a number of cases, the deposits are restricted to sites in close proximity to the source centre, suggesting that in the event of a future small-scale eruption, damaging thicknesses of tephra will not inundate the entire Auckland area.
Our correlations also provide a clearer picture of the temporal evolution of the AVF. Using the stratigraphic relationships of the tephra horizons within the cores and their association with the rhyolitic marker horizons, the absolute age order of the centres can be resolved. Because of the errors associated with dating techniques ( 40 Ar/ 39 Ar and 14 C), a relative sequencing of the AVF centres was previously not possible. Using our new method, we provide high-confidence relative and absolute eruption age estimates for 48 centres, leaving only five centres with uncertain ages (Pukaki, Pukewairiki, Boggust Park, Cemetery Hill, and Puhinui Craters). Our reconstruction of the relative ages of the centres also allows the temporal, spatial, and geochemical evolution of the AVF to be assessed, confirming that there is no simple temporal pattern in the spatial and geochemical evolution of the field.
